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Abstract 
A circuit architecture is proposed, which enables an improved system startup for vibration based piezoelectric microgenerators.  
The innovative approach is based on an optimized synchronous rectifier design and a new trigger circuit. The new architecture is 
realized as an ASIC in 3.3 V, 0.35 μm CMOS technology. Simulations and experimental measurements show significant 
performance improvement in comparison to a single diode-connected transistor. For a load of 1 MΩ, the measured value of the 
circuit output voltage is 1.15 V, where the input voltage amplitude, serial capacitance and frequency are 1.3 V, 44 nF and  
500 Hz, respectively.  
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1. Introduction 
Energy harvesting systems have been under continuous research. Integrated micro-power, vibration-driven 
systems have drawn a lot of attention [1]. There are a number of methods of using the vibration energy available in 
the environment in order to power an electronic system (inductive [2], piezoelectric [3] and electrostatic [4] as the 
three most widespread). Each energy-harvesting method necessitates a different design of the accompanying 
interface electronics, whose task is to transfer the primary generator energy into the system supply. 
In the case of an MEMS piezoelectric generator [5], Fig. 1 (a), the interface circuit has to process the generator 
output voltage, which can be significantly smaller than the rated supply voltage of the chosen CMOS technology. 
The microgenerator power output is in the microwatt range. The microgenerator has a large output capacitance, 
which affects the architecture of the following rectifier circuit and seriously deteriorates system performance for low 
voltages. Moreover, the value of the minimum input voltage required for system power-up is bigger, due to this 
serial capacitance. In this case, the critical operation phase is startup, when only the passive part of the circuit 
operates. 
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This paper describes a rectifier circuit that improves the startup performance of an energy harvesting system, 
especially for the case of low input voltages. Additionally, a trigger circuit is presented, which turns on the active 
part of the system once there is enough energy collected in the energy storage element.  
2. Motivation 
Fig. 1 (b) shows a block diagram of the proposed power processing system for an energy harvesting node. The 
first stage after the microgenerator is an AC-DC converter with a passive and active rectifier. In the initial phase 
(without system supply voltage) only the passive rectifier operates. When the system is powered up, the buffer 
capacitor (energy storage element) provides supply to all the active blocks, including the active rectifier, which can 
then perform the rectifying task with higher efficiency comparing to its passive counterpart. 
 
                                   
Fig. 1. (a) Piezoelectric microgenerator [5]; (b) Block circuit of interface electronics for an energy harvesting system. 
Low input voltages affect the AC-DC stage in two ways: the voltage on the buffer capacitor is too small to act as 
a supply voltage for the active rectifier and therefore a charge pump is needed (providing Vcc-boosted in Fig. 1 (b)). 
Secondly, a simple diode-based passive rectifier can not provide enough power for the system startup. There are 
several approaches toward circumventing the poor output performance of a diode, but all of them require special 
technology [6]. 
3. Rectifier and trigger 
The proposed rectifier is shown in Fig. 2 (a). It consists of a diode-connected MOSFET, with one additional 
synchronous rectifier added in parallel. This auxiliary rectifier is a modified version of the active synchronous 
rectifier reported in [7] and uses directly the output voltage as supply. No high level external power supply is needed 
in this phase. During startup, diode-connected M3 provides charge transfer to the output. Initially, the voltage at the 
buffer capacitance is too small for the auxiliary rectifier to operate. As the voltage rises, the auxiliary rectifier begins 
to operate, albeit with degraded performance. However, it provides additional charge transfer to the output (through 
M1), effectively increasing output power. This contribution becomes more significant as the output voltage rises and 
proves to be decisive to a successful system startup.  
 
  
Fig. 2. (a) Proposed rectifier architecture; (b) Trigger circuit. 
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The operation of the trigger circuit (Fig. 2 (b)) can be described as follows. As Vin rises from zero, OUTN follows 
Vin, since MP2 is inactive and Vout is zero. Vx initially follows Vin as well. As Vin reaches the value of NMOS 
threshold voltage Vthn, MN1 turns on, clamping the source of MN0 to the ground. MP0 operates in subthreshold 
region (Vthp>Vthn) and MN0 in triode mode, pulling Vx to the ground. As Vin reaches Vthp, MP0 enters saturation 
mode. At some value of Vin, MP0 becomes “stronger” than MN0, pulling up Vx and entering triode node, whereas 
MN0 enters saturation mode. At that moment, the MP1-MN2 inverter turns on MP2, which acts as a serial switch 
between the input and output. Once Vout has a high value, OUTN shuts-off MN1, preventing direct currents through 
the MP0-MN0-MN1 vertical. Furthermore, OUTN has an additional function, providing hysteresis behaviour when 
Vin drops. The correct dimensioning of MN0 and MP0 is critical for obtaining the desired switching voltage, 
allowing some margin due to process variations. The circuit consumes negligible power in stationary regime, and 
only several nW during the switching event.  
4. Results 
Fig. 3 shows simulation and measurement results for both a single diode-connected MOSFET and the proposed 
circuit with an auxiliary rectifier. The input signal is sinusoidal with peak-to-peak amplitude of (a) 2 V; (b) 1.3 V,  
DC-offset of (a) 1 V; (b) 0.65 V, and frequency of 500 Hz. The serial capacitance at the input has a value of 44 nF. 
At the rectifier output there is a resistor load of 1 MΩ in parallel with a buffer capacitance. In the following, results 
for the two cases of high and low input voltage are reported. 
Fig. 3 (a) shows the case for high input voltage amplitude. Simulation for the diode-based rectifier predicts  
860 mV output voltage and 740 nW output power. The measured values for the output voltage and power of the 
proposed rectifier circuit are 1.72 V and 2.96 μW. This is in good accordance with the simulation, as it predicts 
values of 1.82 V and 3.24 μW.  
 The circuit performance at low voltages is demonstrated in Fig. 3 (b). The standard diode-based rectifier 
achieves only 400mV after 1 s, whereas the proposed rectifier achieves 1.15 V (1.2 V simulated) at its output. The 
moment at which the auxiliary rectifier takes over the charge transfer is clearly visible as a kink, both in the 
measurement and simulation curves. The MOSFET-diode characteristic is susceptible to process parameters 
variation, which introduces uncertainty margin regarding the exact position of the kink-point, but that does not affect 
the circuit functionality.  
 
 
Fig. 3. Proposed rectifier vs. diode-based rectifier for (a) high input voltage (Vg=2 V); (b) low input voltage (Vg=1.3 V; measurement results are 
in the top graph, simulated values are in the bottom graph). 
The simulation and measurement data for the trigger circuit is shown in Fig. 4 (a). The input voltage is a triangle 
pulse with a maximum voltage of 2V, and the load of the trigger consists of a 166 kΩ resistor in parallel with a  
1 nF capacitor. The measured value of the first switching voltage (rising edge) is 1.1V, whereas the simulated value 
is 1V. The 10% difference between simulated and measured value can be attributed to process parameter variations 
and is still in the predicted margin of error, obtained with process corner simulations.  
The measured value of the second switching voltage (falling edge) is approximately 650 mV. This value is 
significantly smaller than the first switching voltage and provides the desired hysteresis characteristic. Without the 
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hysteresis, an undesired situation can occur immediately after the trigger activation (the following active circuits 
start to draw current from the preceding buffer capacitance, introducing a strong current peak and forcing the buffer 
capacitor voltage to fall under the threshold value, which turns the trigger off). 
 
      
Fig. 4. (a) Trigger switching voltages; (b) System startup (rectifier with trigger). 
Finally, the upper graph in Fig. 4 (b) shows output voltage measurement data during the system startup, when the 
proposed rectifier is followed by the trigger circuit. The switching voltage is 1.02 V and the output voltage after  
150 ms is 1.52 V. These values are in excellent agreement with simulation data (lower graph in Fig. 4 (b)). Peak-to-
peak amplitude of the input voltage is 2V, and load resistor is 166 kΩ, which corresponds to an output power of 
13.92 μW.  
5. Conclusion 
     A new rectifier circuit is presented, which improves the start-up performance of an energy harvesting system 
based on a piezoelectric microgenerator. Simulation and measurement results demonstrate clear performance 
improvement comparing to a simple diode-based rectifier. For the case of low input voltages, this presents a good 
solution, since a MOSFET-diode can not provide enough output power. As a consequence, the proposed circuit 
enables use of a microgenerator with low output voltage and system deployment in an environment that provides 
low amplitudes of mechanical vibrations.   
Additionally, a trigger circuit performing a comparator-like hysteresis action is presented. The trigger circuit can 
be dimensioned for different switching voltages and does not load the system during the stationary regime of 
operation. 
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